Processing of tin slags in reduction furnaces was studied in order to optimize tin recovery and reduce recirculation rates of slags containing thorium and uranium oxides. A theoretical approach considering a mass balance of the process was developed and adjusted by experimental results in order to predict the final slag composition. A metallic phase (FeSnSi) was discovered trapped in the slag due to high apparent viscosity, raising the FeO and SnO2 contents of the slag sample. This FeSnSi alloy is rich in tin and its recovery would help to reduce the slags recirculation. High contents of ZrO2 were found in the slag, restricting it from reaching complete fluid phase. Through an analysis of the slag in the CaO-FeOx-SiO2 and ZrO2-CaO-SiO2 phase systems it can be concluded that final slags should be modeled aiming fluid phase at working conditions and additions should be planned in order to control ZrO2 levels.
INTRODUCTION
The discussion on the protection of workers and public from radiation has been intensified in many regions of the world in the past years and new regulations are being implemented as for example in the European Union [1] and Brazil [2] . These regulations reinforce the need for some sectors of the metallurgical and mining industry to focus on protection of individuals exposed to radiation. Included are industries working with minerals or slags containing radionuclides from the natural thorium and uranium series, such as the tin industry [3, 4] . The production of tin is performed classically according to Figure 1 . Through processing of concentrates containing this element, the outputs are crude tin, FeSn, filter dust and slag. As shown in Figure 1 , there is reprocessing of by-products [5] . In this context, the optimization of metallurgical processes aiming higher recovery of tin can aid reducing the rate of recirculation of concentrates or slags containing thorium and uranium, thus contributing to reduce the operator's exposure to radiation. An example of optimization tool is a model for slag prediction that, according to Pretorius and Marr [6] , can be used in the metallurgical industry to reduce processing time, minimize refractory wear and improve predictability of operations. This model can be constructed based on a mass balance taking all factors that compose the final slag into account [6] . The fluidity of slag is considered by Wright [5] and Pretorius [7] as an important property for slags. Regarding tin slags its importance is related to the influence on the metal/slag separation and therefore on the recovery of tin [5] .
Based on this information, a prediction model can also aid in the production of tin from concentrates, since the addition of fluxes can be better calculated and a lower melting temperature and higher fluidity of the slag can be targeted. In this context, a possible control parameter is the basicity (% CaO / % SiO2). Tin slags can be described classically by the CaO-FeOx-SiO2 phase system. Other oxides that form the slag are: P2O5, TiO2, Nb2O5, Ta2O5, ZrO2, ThO2 and SnO2 [5] . It is therefore a highly complex slag. Considering that ThO2 resides in the slag phase after the end of the process, it is interesting to study the reprocessing optimization of these slags in order to avoid/reduce additional steps. The main objective of this work is therefore the development of a model capable of predicting the slag composition and optimizing the tin recovery.
MATERIAL AND METHODS
In the present work a tin concentrate originated from slags treated in a mineral processing circuit (jigs, spirals and shaking tables) was used as object of study. A clear difference between this concentrate and the final slags described by Wright [5] is the high ZrO2 content, possibly due to characteristics of Brazilian ores and reconcentration in the mineral processing circuit. In order to simplify the problem, thus allowing an initial study on the ideal composition of final slags, only the influence of CaO, FeO, SiO2 and ZrO2 on the melting temperature of final slags were analyzed. The CaO-FeOx-SiO2 system was studied for comparison between concentrate and final slags from the present work and classical tin slags described by Wright [5] .
For the model, the composition and mass of tin concentrate, fluxes and additives, outputs (FeSnSi, crude tin and final slag) as well as filter dust were considered. It was possible to build a model to predict the theoretical composition of the final slag. This prediction was compared with experimental results, whose tests were carried out in a pilot furnace of a metallurgical company. Based on the results, the model could be optimized.
Phase diagrams described by Verein Deutscher Eisenhüttenleute [8] and Kwon [9] were used to study the composition and melting temperature of the slag, considering the CaO-FeOx-SiO2 and ZrO2-CaO-SiO2 phase systems, respectively. A theoretical approach on the influence of ZrO2 on the viscosity of slag was also discussed. Verein Deutscher Eisenhüttenleute [8] describes viscosity models, including the model of Ribound et al and Urbain et al. In the estimation of viscosities, ZrO2 is treated as acid oxide in the first and as a basic oxide in the last model, indicating that it has a amphoteric behavior. As the Ribound et al model was developed for mould fluxes, an analysis of the slags of the acidic slags of the present work under the scope of the model proposed by Urbain et al was used.
In the present study, 13 tests were performed concerning processing of tin concentrate and the last test was done in order to verify a second sampling method. For the experiments, a three-phase electric arc furnace with 500 kVA and alternate current was used. The furnace crucible was lined with carbon paste as well as the slag ladle, in order to avoid influence of possible refractory wear on the slag composition. Tapping temperatures were monitored by a digital infrared thermometer from the company Instrutherm.
Raw materials, filter dust and final slags were sampled according to the standard D75/D75M [10] , being final slags grinded for better homogenization (< 1mm). Subsequently, due to verification of a metal phase (FeSnSi alloy) in the ground final slag, another sampling method was performed in order to avoid collecting metallic fraction while sampling the slag. A steel rod was inserted into the slag stream during tapping and the solidified slag layer around the rod was analyzed. In this case, in order to avoid contamination, the first slag jet (easily distinguishable from tin and FeSnSi due to color difference) was neglected and a sample of the intermediate portion of the final slag stream was obtained. FeSnSi was sampled according to ISO 3713 [11] . With respect to crude tin, a liquid sample was taken with the aid of a steel recipient immediately after its tapping in order to avoid possible decantation effect of impurities.
The chemical analysis of the concentrate is shown in Table 1 . The column named "Others" represents other elements, as well as traces of ThO2 and U3O5. For better control, the concentrate of each test was sampled separately. Almost all chemical analysis present in this work were performed by X-ray fluorescence and exceptions are the tin content of concentrates, final slags, FeSnSi and filter dust, which were analyzed by titrimetric method for higher precision, and crude tin, which was analyzed by atomic absorption spectrometry. Charcoal, limestone, quartz and metallic Si were used in the charge. The analyses are shown in Table 2 . The addition of metallic Si is necessary for the formation of a FeSnSi alloy with low solubility of tin, thus allowing greater generation of crude tin and consequently higher yield [5] . 
The charge was calculated, considering the average slag analysis, for a theoretical basicity of 0.78. A simple mass balance involving masses of CaO and SiO2 from the concentrate added to the masses of CaO and SiO2 from the additions was considered in this initial calculation, which is demonstrated for SiO2 in Formula 1. The term Mass (SiO2)Additions is determined by the SiO2 contents and quantities of the additions used.
(
Although the basicity value of 0.78 does not reflect the lowest melting temperature of a slag considering the CaO-FeOx-SiO2 phase system, a batch targeting lower temperatures at a much lower basicity (0.59) led to operational problems. The presence of viscous slag and unmelted material was noticed and hindered tapping. It was necessary to add limestone (up to 12 % of the mass of concentrate) so that tapping could be carried out. Therefore, a charge empirically determined was chosen and it allowed the conduction of the present study. It is shown in Table 3 , which describes the percentage of each addition in relation to the mass of concentrate. After the results, a complete mass balance was conducted considering the analyses and masses of the concentrate, fluxes, additions and outputs. For example, the determination of the mass of SiO2 in the slag could be calculated by Formula 2.
(2)
The term Mass (SiO2)Reduced represents the quantity of SiO2 which was reduced in the process. It can be understood in detail through Formula 3, in which MM represents the molar mass. The mass of Si resulting from reduction is expressed as the difference between the quantity found in the FeSnSi alloy and the amount of Si added through the inputs. If the value of Mass (SiO2)Reduced is negative, oxidation of Si occurred. This is a phenomenon of importance since it would be able to influence the basicity and therefore the melting temperature of the slag.
Another important calculation is the mass of tin in the slag. Being tin a valuable metal, all losses must be taken into account. This calculation is shown in Formula 4.
With the calculation being performed for all elements, the mass of each oxide was determined. A theoretical mass of slag was calculated and therefore also its composition. A comparison was conducted between these results and the chemical analyses. Formula 5 exemplifies this calculation for CaO.
In order to predict the slag composition, it is necessary to measure the masses of filter dust, FeSnSi and crude tin, as well as their compositions. If the model is used for the prediction of a future operation, statistical data need to be collected, for example the average generation and composition of FeSnSi alloy, the average loss of tin for the exhausting system and the average yield of tin considering crude tin. Based on this information, not only an elementary mass balance, but also a statistical analysis of the operation including measurement of the average compositions of the outputs was performed.
RESULTS AND DISCUSSION
The mean composition and standard deviation of the final slags are shown in Table  4 . The column named "Others" represents other elements as well as traces of ThO2 and U3O5. As can be noted in Table 4 , the mean basicity of the final slag, initially predicted at 0.78 through mass balance using Formula 1, was not confirmed. In contrast, a lower mean value, equal to 0.73, was measured.
After a more complete mass balance (using Formulas 2,3 and 4) was performed, the calculations were able to predict the composition of the slag according to Table 5 , which explains the composition difference between measured and calculated values for the final slag (Formula 5). As can be seen by the difference for the basicity, the new calculation generated a value much closer to the measured value. This is because it takes into account the oxidation of Si. Considering the basicity as a relation between CaO and SiO2 and that the only metallic additive used was metallic Si, it can be concluded that there was a partial oxidation of this addition, resulting in reduction of basicity. It was verified that in average only 48.3 % of the added Si could actually be found in the alloy. In other words, 51.7 % was oxidized and therefore it is responsible for the displacement of the slags basicity values.
The mean composition of FeSnSi and Crude tin is shown in Table 6 . The filter dust was analyzed and the tin content amounted 18.1%. Figure 2 shows a mass balance of the process, considering the recovery of tin. Through several measurements of the metal/slag stream during tapping, it was possible to determine a range between 1833 and 1873 K for the tapping temperature. Strong variation of temperature during the same tapping was noticed.
Considering this temperature range, studying the slag in the CaO-FeOx-SiO2 phase system aided to understand the effect of displacement of basicity due to oxidation of Si. However, the most interesting result was found in the analysis of the slag under the scope of the ZrO2-CaO-SiO2 phase system. These studies as well as results from another sampling method will be described, which proved to be an important factor for understanding the slag composition.
CaO-FeOX-SiO2 phase system
The concentrate and average final slag composition from this work are shown in Figure 3 for the CaO-FeOx-SiO2 phase system. It can be noted that the average final slag composition, considering these elements, is close to the line representing CaO.SiO2, which has a liquidus temperature of 1817 K (1544 °C). Although the effect of displacement of the basicity due to Si oxidation could possibly lead to higher temperatures within this system, there is still a long range in which the slag would be fluid, considering measured tapping temperatures. It is also noteworthy that the tin content in the final slag is very high when compared with those presented by Wright [5] (which lies between 0.1 % and 1 % SnO2). In order to understand the reason for the high tin content found in the final slag, a qualitative test was performed on a magnetic separator, revealing the presence of a metallic fraction in the slag. The analysis of this fraction is found in Table 7 and is similar to the FeSnSi shown in Table 6 . It can be concluded that part of the FeSnSi was not completely separated from the slag, either due to incomplete settling, or even because of the separation difficulty at the FeSnSi/slag interface. This fact led to a new specific test, aiming to understand the influence of this metal fraction on the composition of the slag. In this test, which followed the same assumptions as the others, the slag was sampled during tapping for three consecutive runs. Further, the final slag was ground and sampled for comparison. The results are shown in Table 8 . It is clear that the presence of FeSnSi causes changes in the slag composition. The metallic fraction implies high levels of tin in the final slag and an optimization of the process, in order to reduce slags recirculation, is possible through the recovery of this fraction in the process itself. A strong increase in the ZrO2 contents can also be noted, which justifies the analysis of the slag under the scope of the ZrO2-CaO-SiO2 phase system and reinforces the difficulties to analyze the slag using the CaO-FeOxSiO2 phase system for this concentrate. Regarding the basicity, there was a variation among the three samples taken during tapping. Considering that the operational test continued after samples were taken, this variation is attributed to fluctuations in slag composition throughout the process.
ZrO2-CaO-SiO2 phase system
According to the viscosity model from Urbain et al described by Verein Deutscher Eisenhüttenleute [8] , the presence of high contents of ZrO2 should lower the viscosity of final slags. This can be seen in Figure 4 , which shows a comparison for the theoretical viscosity of the mean composition of slags sampled during tapping (Table  8 ) with and without considering ZrO2 contents. It can be understood that the presence of ZrO2 should be beneficial for the process assuming the slag is completely molten. However, using the data provided by Kwon [9] for the ZrO2-CaO-SiO2 system at 1873 K, which is close to tapping temperatures of the present work, there is strong indication that due to the presence of high contents of ZrO2, the final slags studied are not completely fluid. This would explain why high levels of tin were found in final slags. Tin would be at least partly in the FeSnSi alloy not decanted due to a high apparent viscosity (presence of solid fraction) of the slag.
As can be seen in Figure 5 , the liquid phase in the ZrO2-CaO-SiO2 system is obtained approximately for ZrO2 contents inferior to 17 % and between the basicity values of 0.5 and 1.5. Considering that final slags of the present work are well represented by the ZrO2-CaO-SiO2 system, as shown in Table 8 , it can be verified that the basicity is not a critical factor at this temperature. The control of ZrO2 contents is much more important, so that the slag can be fluid at working temperatures. The addition of fluxes is interesting for decreasing the ZrO2 content to levels below 17 % and obtaining therefore a slag with high fluidity. According to Wright [5] , this property controls the rate of metal/slag separation. The present work suggests reaching this result by dilution of ZrO2 through addition of fluxes. There would be then greater recovery of tin and as consequence decrease in slags recirculation. The proposed model can be used to predict ZrO2 contents, as shown in Table 5 , and therefore to optimize the addition of fluxes.
CONCLUSION
A theoretical model was developed in order to predict the composition of final tin slags, originated from processing of concentrates. The prediction of basicity requires taking into account possible reactions of the inputs with the bath (reduction / oxidation of elements).
It has been found that the sampling method is important for understanding the composition of final slags and the process itself. In contrast to sampling of ground slag, sampling during tapping revealed higher ZrO2 and lower FeO and SnO2 contents in the final slag. Therefore, slags studied in this work are better described by the CaO-SiO2-ZrO2 phase system. A theoretical approach on the slags viscosity revealed that higher ZrO2 contents should lower the viscosity of the slag. However, as seen in Figure 5 , final slags are not completely fluid, indicating a high apparent viscosity. The presence of a metallic phase in the final slag was verified and it can be attributed to this factor. This metallic phase is rich in tin and an optimization of the process involves a greater recovery of this metal.
Thus, final slags should be modeled in order to obtain lower melting temperatures, allowing better slag/metal separation. In this context, dilution of ZrO2 contents should be performed through addition of fluxes. It is then possible to obtain a liquid final slag, to reduce the presence of metallic phase in this slag and therefore the recirculation of slags containing thorium and uranium oxides.
Although with the restrictions imposed by the presence of the metallic phase in the slag, the present model can be used to predict the ZrO2 contents accurately. Further studies on final slags sampling during tapping can elucidate the differences found for
